Abstract: An interruption to residential natural gas (NG) may cause considerable economic damage of the entire country. Thus, the South Korean government requires information about the economic value of improving residential NG supply reliability for planning NG supply. This article aims to measure the value using a specific case of South Korean residential consumers. The choice experiment (CE) approach was adopted for this purpose. The selected four attributes are the duration of interruption, the season of interruption, the time of day, and the day of the week. The value trade-off works among the four attributes and price attribute were sought and completed in a nationwide CE survey of 1000 households. The respondents revealed statistically significant willingness to pay for a decrease in the duration of interruption, avoiding interruption during winter rather than non-winter, and preventing interruption during off-daytime (18:00 to 09:00) rather than daytime (09:00 to 18:00). For example, they accepted a 0.10% increase in the residential NG bill for a one-minute reduction in interruption during NG supply interruption, a 5.16% increase in residential NG bill for avoiding interruption during winter rather than non-winter, and a 2.94% increase in residential NG bill for preventing interruption during off-daytime rather than daytime. However, they placed no importance on the day of the week. These results can be useful for policy-making and decision-making to improve residential NG supply reliability. It is necessary to conduct a study at regular intervals on the value of NG supply reliability because regarding NG supply reliability, it is difficult to maintain a specific value.
Introduction
The annual average distribution rate of residential natural gas (NG) in South Korea had quadrupled from 21.7% in 1992 to 83.1% at the end of 2017, in 25 years. Although the percentage of NG used in industrial production is decreasing, the proportion of residential NG is increasing. Since 1987, use of residential NG was limited to cooking but, since the 1990s, residential NG was mainly supplied for heating.
Thus, NG is an essential source of energy to households in South Korea, and a stable NG supply in the residential sector contributes to social welfare. Residential NG is used for cooking and heating (hot water) at home. The percentage of households using NG exceeded 80.7% of total households in South Korea in 2016. Furthermore, the proportion of households using NG in Seoul, the capital of South Korea, exceeded 98% of its total households in 2016 [1] . If NG is not supplied properly to households, massive damage will take place.
In particular, the daily average temperature reaches −10 • C to 10 • C in December and February in South Korea, so the demand for heating increases rapidly in the cold winter. Since most households are heated using individual heating boilers that use NG as a fuel, more damage can occur when NG supply interruption takes place in winter than in other seasons. Therefore, there is a consensus among the people that an NG supply interruption should not happen.
Moreover, the stable supply of NG to the residential sector will be the most important issue for the public, given that the abnormal cold wave will continue in the future. Thus, the old gas pipe needs to be replaced, and the gas pipeline needs to be maintained to prevent NG supply interruption. This requires a large investment. To justify the investment, the benefits of the investment must outweigh its costs related to the investment.
Determining the optimal level of NG supply reliability requires a function of the cost needed to improve NG supply reliability and a function of damage costs reduced by improving NG supply reliability. The optimal level of NG supply reliability is determined at a level that minimizes the sum of the two cost functions. In particular, the function of damage costs reduced due to improved NG supply reliability is the same as the function of economic value resulting from improved NG supply reliability. Therefore, it is necessary to develop a function that represents the economic value of improving the reliability of NG supply.
The costs of increasing NG supply reliability can be measured without particular difficulties. However, estimating the benefits or economic value arising from the investment for improving NG supply reliability is a complicated task. This is because the outcome of the investment is improved supply reliability of NG and NG supply reliability is not a commodity traded in the market. It is necessary to apply techniques to create a hypothetical market for trading NG supply reliability so that the reliability of NG supply can be assessed by the consumers. Moreover, NG supply reliability has several attributes, each of which should be valued. In other words, NG supply reliability is a multi-attribute good [2] .
Therefore, the application of specially designed economic techniques is required to value a multi-attribute good. A typical way to do this is a choice experiment (CE). CE is the most prevalent methodology for a multi-attribute good and is almost always applied in some previous studies dealing with the valuation of energy supply reliability [3] [4] [5] [6] . In this study, the CE is applied to economic value of improving NG supply reliability for residential consumers in South Korea. The four attributes of NG supply reliability considered in this study are the duration of interruption, the season of interruption, the time of day, and the day of the week.
As will be explained in more detail below, this study randomly selected 1000 households from all over the country under the supervision of a professional survey company to apply the CE method. The subsequent composition of this paper is as follows. Section 2 describes, in detail, the methodology and application procedures used in this study. Section 3 explains the economic and statistical models for analyzing data collected through the CE survey. Section 4 presents some implications after reporting the results. The last section provides a conclusion.
Methodology

CE Approach
Two techniques that have been widely employed for nonmarket good valuation in the literature are the CE and contingent valuation (CV) [7] [8] [9] [10] . The CE method asks the respondents to evaluate value trade-offs among some attributes and indirectly derives their willingness to pay (WTP). Usually, the CV method is applied to a single-attribute good while the CE method is applied to a multi-attribute good. Therefore, the CE method is more suitable for valuing a multi-attribute good than the CV method. The CE approach is theoretically grounded in the random utility maximization model. The model implies that if an individual chooses one alternative among several alternatives, the utility arising from the alternative is always more than the utility arising from the other alternatives. Therefore, the application of the approach requires a survey of consumers. CE is a useful method for estimating the relative values for different attributes of an environmental and nonmarket good or new product.
The CE approach is a standardized and widely used survey method for estimating WTP [11] . The distinguished National Oceanic and Atmospheric Administration's (NOAA) Panel concluded that the CE approach can produce estimates that are reliable enough to be the starting point for administrative and judicial determinations and presented several recommendations [11] . In addition, the validity and accuracy of a CE study can be enhanced if people are familiar with the good to be valued; professional interviewers are used; and other conventions suggested by the NOAA Panel are followed. Our study meets the conditions, which will be discussed below in detail.
Our research can be compared with the previous research on three points. First, the studies that investigated NG supply reliability. Most of the related research has improved power supply reliability [12] [13] [14] [15] [16] . In this regard, this study can contribute to the literature on the economic value of improving NG supply reliability for residential consumers in South Korea. In particular, there is no previous research that investigated the economic value of improving NG supply reliability in other countries as well as South Korea.
Second, our application of the CE technique coincides with the practice adopted in former studies dealing with this kind of research topic. Moreover, the CE technique is based on microeconomics and, thus, is theoretically sound [17] . Since the findings obtained in this article can be used in policy-making and analysis, it is crucial to use reasonable and sound methodology. The CE technique is not only practically useful, but also theoretically robust.
Third, we tried to follow several guidelines recommended for applying the CE approach in the literature. They include a minimum sample size of 1000, the announcement of the possible presence of substitutes for the goods to be investigated in the CE survey, and so on. More details will be presented in the next subsections.
In general, respondents are required to choose the most preferred alternative out of several alternatives, which include a current status alternative, presented to them in the CE survey. Each alternative comprises several attributes of concern, including the price attribute. CE is a useful method to estimate the relative importance of several attributes for a good or service. Marginal WTP (MWTP) for increasing or decreasing the level of each attribute can be obtained through analyzing the data on respondents' choices and then interpreting or utilizing the results.
Attributes
In designing a CE, the first important thing to do is to determine the appropriate attributes and define their levels. An extensive literature review and consultation with experts enabled us to identify a preliminary list of attributes of NG supply reliability. Most previous studies reveal that the duration of energy supply interruption, the season of energy supply interruption, the energy supply interruption time of day, and the energy supply interruption day of the week have important implications for the value of improved energy supply reliability [16] [17] [18] [19] [20] . The final set of attributes was chosen by discussing with experts, such as policy-makers, stakeholders, and environmental activists.
The attributes used in this study were chosen based on four criteria. First, we referred to the attributes used in the preceding studies that dealt with the assessment of the economic value of improvement in supply reliability in the network sectors, such as NG or electricity. Second, we reflected the policy variables in which South Korea NG authority have interests concerning improvement of the residential NG supply reliability. Third, the attributes should be meaningful, easily understandable, and persuasive to individual households in relation to the residential NG supply reliability. Fourth, attributes should be independent of each other. In this context, independence means independence from the perspective of respondents' valuation function, not from the point of view of the production function that generates each attribute.
As reported in Table 1 , the finally determined attributes are the duration of interruption, the season of interruption, the time of day, the day of the week, and the price. A focus group interview with 30 people was implemented to check for whether the survey questionnaire is fully meaningful, understandable, and persuasive to the respondents. Their responses were affirmative. The descriptions and levels of them are also explained in Table 1 . Furthermore, all other attributes of residential NG supply reliability are assumed to be the same in the course of the value judgments required in the CE survey. Usually, the NG supply reliability decreases when residential NG supply interruption takes place in winter, daytime, and weekdays. Moreover, the longer the duration of the residential NG supply interruption is, the lower the NG supply reliability. The baseline status of duration of interruption, season of interruption, time of day, and day of week means the level with the most negative situation. The level of the attribute for price is explained as the percentage of an additional payment for residential NG use. Although there is no actual payment, we explained to the respondents that the NG supply reliability for residential consumers could be improved by increasing the residential NG bill. The baseline status of this attribute means that there is no additional payment in the most negative situation.
Choice Sets
Since a number of alternatives can be developed from Table 1 , several alternatives from possible combinations of attributes should be derived. To this end, the orthogonal main effects design was employed, and 16 alternatives were obtained. From these, eight choice sets were generated. Each choice set was made up of two alternatives and the baseline status alternative. Four choice sets were randomly selected among eight choice sets and allocated to the first group, and then the remaining four choice sets were assigned to the second group. Thus, each group included four choice sets. One of the two groups was randomly presented to each interviewee. In other words, each interviewee was presented with four choice sets and reported four responses to the provided questions that indicated which alternatives were the most preferred among the three alternatives in each choice set.
Survey Instrument and Method
There are three parts in the survey instrument. Several questions about the NG supply reliability make up the first part to check respondents' perceptions before the CE survey on NG supply reliability begins in earnest. To facilitate the respondents' understanding, a description of the features and effects of NG supply reliability is provided, along with color photographs, in this section. Such work not only relieves respondents of the burden of a fully fledged survey, but also provides significant statistical data in itself. Explanations about the attributes and questions concerning the value trade-off work, which are conventionally required in a CE survey, are presented in the second part. The third part contains questions about the respondents' socioeconomic information.
A random sampling method was commissioned by an expert who was affiliated with a professional survey firm; the sampling reflected the population characteristics observed from a census by Statistics Korea, the Korean National Statistical Office. More specifically, stratified random sampling was conducted. The survey firm performed a random sampling and field CE survey during May 2017. According to Statistics Korea, there were 19,523,587 households in Korea in 2017. In order to draw a random sample of this population, stratified random sampling was conducted by the polling firm. Random sampling was conducted within sixteen strata: Seoul, Pusan, Daegu, Incheon Gwangju, Daejeon, Ulsan, Sejong, Gyunggi, Gangwon, Chungbuk, Chungnam, Jeonbuk, Jeonnam, Gyungbuk, and Gyungnam. The sizes of stratum for Seoul, Pusan, Daegu, Incheon, Gwangju, Daejeon, Ulsan, Sejong, Gyunggi, Gangwon, Chungbuk, Chungnam, Jeonbuk, Jeonnam, Gyungbuk, and Gyungnam were 201, 72, 50, 57, 29, 30, 23, 4, 239, 31, 31, 41, 37, 36, 54, and 65, respectively. The sampling within each stratum reflected each stratum's population characteristics such as age, income, and gender.
Model
Utility Function
We assume that the utility function has a linear functional form. Let the levels of Duration of interruption, Season of interruption, Time of day, Day of week, and Price be X t , where t = 1, 2, 3, 4, p. In addition, an alternative-specific constant (ASC) is introduced to capture the effect of any other factors not contained in the model. ASC represents a dummy for the respondent choosing the baseline status option among three alternatives. ASC is 1 if the respondent chooses the third alternative (baseline status), 0 otherwise. Let V jl be the utility for interviewee j who chooses alternative l. The utility function is formulated as
where W jl and ε jl are the deterministic and stochastic parts of the utility function, respectively; X jl is a vector containing the levels of the attributes for alternative l given to respondent j; T j is respondent j's characteristics, such as ASC; and the β's are the coefficients that correspond to each attribute. For simplicity, jl is omitted here. X 2,jl is coded as 0 and 1 in case of winter and non-winter, respectively. X 3,jl is coded as 0 and 1 in case of day time and off-daytime, respectively. X 4,jl is coded as 0 and 1 in case of weekday and weekend, respectively.
We can apply Roy's identity to Equation (1) and derive the MWTP estimate, MWTP X t , as
The MWTPs of each attribute represent the marginal rate of substitution between the price and each attribute.
How to Obtain the Utility Function
Estimating the utility function implies estimating β's. Usually, the multinomial logit (MNL) model given by McFadden [21] has been most widely applied to obtain β in the literature. However, the MNL model inevitably assumes independence from irrelevant alternatives. Although the assumption seems to be somewhat restrictive, it has the advantage of enabling us to specify the log-likelihood function as a closed form. Thus, if the assumption is met, we can easily tackle the CE data. Let J be the number of interviewees and I jl be a dummy variable that is defined as 1 if interviewee j selects alternative l; otherwise, I jl is 0. The log-likelihood function for our MNL model is
Results and Discussion
Estimation Results
A nationwide CE survey of 1000 randomly chosen households was conducted by a professional polling firm through person-to-person interviews in May 2017. Each household provided four observations. Thus, we obtained a dataset size of 4000 (= 1000 respondents × 4 choice sets). The respondents were made up of householders or housewives aged over 20 and under 65 years to reflect the characteristics of their household. Prior to conducting the main survey, 30 people were surveyed in advance to help raise respondents' understanding of the questionnaire. Table 2 summarizes the distribution of responses to the choice experiment questions. Of the total 4000 responses, the number of responses for the chosen alternatives A, B, and status quo alternative were 1335, 1631, and 1034, respectively. Table 3 reports the results of estimating the MNL model. All the coefficient estimates, except for day of week, are statistically distinguishable from zero at the 1% level. The reason why the coefficient estimate of the day of week attribute is not statistically significant is that people use residential NG regardless of whether it is a weekday or weekend. The expected signs for coefficient estimates for the five attributes are all negative, except for season of interruption. Notes: a The variables are defined in Table 1 ; b ASC refers to alternative-specific constants that represent dummies for the respondents choosing the baseline status alternative; c # Indicates statistical significance at the 1% level, and t-values are reported in parentheses beside the estimates; d The null hypothesis is that all the parameters are zero and the corresponding p-value is reported in parentheses beside the statistic.
The coefficient estimates for duration of interruption and time of day have negative signs. Thus, one unit decrease in the level of the duration of interruption attribute increases the public utility. Avoiding the baseline status of the time of day attribute also decreases the utility. This seems to be the public utility decrease when residential NG supply interruption occurs at off-daytime than daytime, since people usually stay at home after going to work or school. The coefficient for price also has a negative sign. This implies that, as the price goes up, the utility decreases. This result is quite reasonable, given that the price negatively contributes to the utility. On the other hand, the coefficient estimate for season of interruption has a positive sign. Avoiding the baseline status of the season of interruption attribute increases the utility.
MWTP Estimates for Each Attribute
Finally, the MWTP estimates for a decrease in the level of each attribute can be derived employing Equation (2) . The results of estimating the MWTP values are provided in Table 4 . The MWTP estimates for a one-minute decrease in duration of interruption, avoiding interruption during winter rather than non-winter, and preventing interruption during off-daytime rather than daytime, are obtained as 0.10%, 5.16%, and 2.94%, respectively, of the residential NG bill. These values are interpreted as the economic value of improving NG supply reliability in South Korea. Table 4 also presents the 95% confidence intervals for the MWTP estimates, which are computed using the procedures given in Krinsky and Robb [22] . Day of week when the interruption occurs (weekday rather than weekend) 1.94% 1.27 1.14-5.00%
Notes: # and ** indicate statistical significance at the 1% and 5% levels, respectively. The confidence intervals are computed using the procedures given in Krinsky and Robb [18] .
Discussion of the Results
Using the information presented in Table 4 , we can estimate the household WTP for avoiding a situation in which the residential NG supply is interrupted. To illustrate this process, the authors arbitrarily compose three hypothetical situations using the information given in Table 1 . For example, in Table 5 , Situation A means that the residential NG supply is interrupted for one hour during winter, off-daytime, and weekday. The household WTP for avoiding Situation A is calculated to be a 6% increase in residential NG bill. A more detailed calculation process is as follows.
0.1%/min × 60 min + 5.16% × 0 (Winter) + 2.94% × 0 (Off-daytime) + 1.94% × 0 (Weekend) = 6.00% Table 5 . Results of computing household willingness to pay (WTP) for avoiding the situations in which the residential natural gas (NG) supply is interrupted. The above analysis results have a variety of potential uses. First, by using these findings, one can identify which attributes people value. According to the estimated utility function, the absolute value of the coefficient estimate for season of interruption among the four attributes was the greatest. On the other hand, the absolute value of the coefficient estimate for duration of interruption was the smallest. Therefore, if the cost of improving the NG supply reliability is the same, it would be better to concentrate on avoiding interruption during winter rather than non-winter, than to reduce interruption by one minute during residential NG supply interruption. Second, using Tables 3 and 4 , we can not only calculate the economic value of improving NG supply reliability for a variety of alternatives, but also make alternatives that result in a specific value of NG supply reliability. Alternatives may be proposed that satisfy the levels of acceptable value of NG supply reliability within the scope that the total costs do not exceed the total benefits.
Conclusions
This article aimed to examine the economic value of improving NG supply reliability in South Korea. To this end, the CE technique was adopted using the data from a nationwide survey of 1000 households. The four attributes of NG supply reliability considered in this study were (a) the duration of residential NG supply interruption; (b) the season when residential NG supply interruption takes place; (c) the time when residential NG supply interruption occurs; and (d) the day when residential NG supply interruption happens.
The coefficients for the utility function were statistically significant when estimated by applying the MNL model. The results showed that decreasing the duration of interruption, avoiding interruption during winter rather than non-winter, and preventing interruption during off-daytime rather than daytime increase the utility. More specifically, the economic values of improving NG supply reliability for reducing one minute of interruption during NG supply interruption, avoiding interruption during winter rather than non-winter, and preventing interruption during off-daytime rather than daytime are reflected as increases of 0.10%, 5.16%, and 2.94%, respectively, through an increase in the residential NG bill.
The value may vary depending on the times at which value judgment is made, because the economic technique used in this study is a stated preference approach, which analyses the data regarding the public preference. For example, when the economy is booming, the economic value of improving NG supply reliability can be measured as being higher, whereas, when the economy is in a recession, the value can be estimated to be lower. In addition, the economic value of improving NG supply reliability depends on the economic situation, social atmosphere, and NG supply situation, so it is difficult to maintain the specific value. Therefore, it is necessary to conduct a study at regular intervals on the value of NG supply reliability. It is possible to grasp the trajectory whose value changes with the lapse of time, and it is also possible to predict the future value with the result.
Additionally, this article seems to contribute to the literature in a research perspective. First, the article utilized a CE technique to look into the economic value of the attributes of improving NG supply reliability and found that the application was successful because the estimation results were statistically meaningful and the respondents actively participated in the CE survey. Improved power supply reliability is not just a problem for South Korea but an important issue for the worldwide, especially for developing countries [23] [24] [25] [26] [27] . Thus, comparison of the results from our work with those from future works that will be applied in other countries will yield new implications.
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